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HIGHLIGHTS 


•  Pyrolysis  of  dry  and  torrefied  sewage  sludge  in  a  fluidized  bed  reactor  was  studied. 

•  The  influence  of  torrefaction  conditions  on  the  pyrolysis  products  was  determined. 

•  The  cumulative  product  yields  are  not  affected  by  torrefaction. 

•  Torrefaction  step  does  not  improve  the  liquid  homogeneity. 

•  Torrefaction  step  does  not  improve  the  energy  recovery  of  the  organic  phases. 
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The  pyrolysis  of  dry  and  of  torrefied  sewage  sludge  in  a  lab-scale  fluidized  bed  reactor  has  been  studied  in 
order  to  determine  whether  torrefaction  pre-treatment  could  enhance  the  properties  of  the  liquid  prod¬ 
uct  obtained  after  pyrolysis.  The  aim  of  this  work  is  to  evaluate  the  influence  of  the  torrefaction  temper¬ 
ature  (220-320  °C)  and  average  solid  residence  time  (3.6-10.2  min)  on  the  product  distribution  and  the 
properties  of  the  pyrolysis  products.  Pyrolysis  was  conducted  at  530  °C  with  an  average  solid  residence 
time  of  5.7  min  and  a  nitrogen  volumetric  flow  per  reactor  area  of  0.074  m3  (STP)  m~2  s_1  (measured 
at  0  °C  and  1.01  105  Pa).  The  experimental  results  show  that  torrefaction  pre-treatment  affects  the  pyro¬ 
lysis  liquid  product,  although  it  does  not  improve  the  homogeneity  of  the  liquid.  Specifically,  it  reduces 
the  yields  of  water  and  the  liquid  aqueous  phase  obtained  in  the  pyrolysis  step,  especially  after  torrefac¬ 
tion  under  the  most  severe  conditions,  but  it  does  not  have  a  great  effect  on  the  properties  of  the  liquid 
organic  phases  obtained.  The  cumulative  yields  of  gas  and  organic  compounds  from  the  two-step  process 
are  not  different  from  the  yields  obtained  from  one-step  pyrolysis. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  the  reserves  of  fossil  fuels  are  running  out  and  energy  con¬ 
sumption  is  increasing,  biomass  and  wastes  are  seen  as  potential 
sources  of  energy  because  they  can  be  converted  into  fuels  and 
chemicals  by  means  of  thermochemical  and  biochemical  processes 
[1-3],  being  transformed  these  raw  materials  into  renewable 
sources  of  C  and  H.  Fast  pyrolysis  of  biomass  for  liquid  production 
is  among  the  most  promising  of  these  technologies  due  to  the  high 
yield  of  bio-oil  [4],  Sewage  sludge  is  one  of  the  materials  that  can 
be  used  as  feedstock  [5],  Pyrolysis  is  a  management  technology  for 
sewage  sludge  that,  in  addition  to  reducing  its  volume,  could 
contribute  to  obtaining  renewable  energy  and  valuable  chemicals 
[5-7], 
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Sewage  sludge  pyrolysis  liquid  is  a  dark-brown  complex  mix¬ 
ture  of  organic  compounds  and  water  generated  from  depolymer¬ 
ization  and  dehydration  reactions  [8],  This  liquid  is  not 
homogeneous  and  it  separates  into  two  or  three  phases  [9-12], 
Bio-oil  from  sewage  sludge  is  rich  in  water  (20-70  mass  fraction 
%),  resulting  from  the  moisture  in  the  initial  material  and  from 
dehydration  reactions  during  pyrolysis  [5,13,14].  This  high  water 
content  lowers  the  higher  heating  value  and  flame  temperature  of 
the  liquid  and  causes  phase  separation,  but  benefits  the  viscosity 
and  therefore  fluidity  [5,8,15].  The  oxygen  content  is  higher  than 
in  the  case  of  crude  oil  and  its  distribution  in  the  different  com¬ 
pounds  depends  on  the  pyrolysis  process  conditions  and  on  the 
raw  material.  This  high  oxygen  content  lowers  the  energy  density 
of  the  bio-oil  and  makes  it  immiscible  with  hydrocarbon  fuels  [8], 
Besides,  the  high  oxygen  content  gives  bio-oil  a  high  reactivity 
during  storage,  which  can  cause  increased  viscosity  and  phase 
separation  [16], 
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In  order  to  use  bio-oil  in  turbines  or  engines  as  an  alternative 
fuel,  it  needs  to  be  upgraded  due  to  the  drawbacks  mentioned 
above.  There  are  various  techniques  to  improve  the  fuel  properties 
of  bio-oil,  either  during  its  production  using  methods  such  as 
in  situ  catalytic  cracking  of  pyrolysis  vapours  [17-23],  or  after  it 
is  obtained,  by  means  of  hydrodeoxygenation  (HDO)  [24,25]  or 
decarboxylation  (DCO)  [26],  Integrated  catalytic  pyrolysis  -  in  a 
combined  pyrolysis-catalysis  reaction  system  -  is  less  flexible  in 
terms  of  operational  conditions  since  it  operates  at  a  single  opera¬ 
tion  temperature  and  the  catalyst  has  to  be  robust  enough  to  resist 
both  the  temperature  and  the  environment  [27].  Besides,  some 
authors  have  observed  that,  when  using  zeolites,  the  yield  of  gas¬ 
eous  products  and  of  water  increased  and  therefore  the  yield  of 
solid  product  -  char  -  and  of  organic  compounds  decreased 
[28,29],  The  improvement  of  pyrolysis  oil  by  means  of  its  cracking 
over  a  catalyst  such  as  zeolite  is  now  under  study.  There  remain 
some  issues  to  be  solved,  such  as  the  decrease  in  the  liquid  yield, 
the  excessive  deoxygenation  that  could  increase  the  yield  of  aro¬ 
matic  compounds,  and  the  catalyst  deactivation  [26],  The  disad¬ 
vantages  of  HDO  are  the  high  hydrogen  consumption  (reaching 
values  over  700  m3  (STP)  per  ton  of  bio  oil  [30,31])  and  the  low 
yield  of  pyrolysis  liquid  of  high  quality  (at  the  best,  0.77  dm3  drrr3 
oil  fed  [30]).  According  to  Kersten  et  al.  [26],  this  process  would 
only  make  sense  as  a  final  step  in  the  deoxygenation  process.  With 
DCO,  deoxygenation  by  C02  removal  can  be  achieved  with  the 
appropriate  catalyst,  but  the  removal  of  oxygen  is  insufficient 
[26].  Upgrading  by  means  of  emulsification  with  diesel  and  biodie¬ 
sel  [32,33]  and  esterification  [34-36]  have  also  been  tested  with 
satisfactory  results. 

The  improvement  of  the  liquid  can  also  be  achieved  by  the  pre¬ 
treatment  of  the  biomass  used  as  feedstock  by  means  of  torrefac- 
tion  [37-39],  Torrefaction  (also  called  roasting  or  mild  pyrolysis 
[40])  is  a  thermal  treatment  which  takes  place  at  temperatures 
between  200  °C  and  300  °C  under  atmospheric  pressure  conditions 
and  inert  atmosphere  [40,41],  Torrefaction  reduces  the  oxygen 
content  of  lignocellulosic  biomass  due  to  the  release  of  water,  car¬ 
bon  dioxide,  carbon  monoxide  and  lightweight  organic  compounds 
[42  .  A  solid  product  with  lower  moisture  content  and  higher 
energy  density  is  obtained.  In  the  existing  literature  there  are  some 
studies  about  the  effect  of  torrefaction  on  the  subsequent  thermo¬ 
chemical  processing  of  biomass  whether  through  combustion 


[41,43-45]  or  gasification  [46-49],  but  also  about  torrefaction  as 
pre-treatment  for  pyrolysis  [37,50-56],  In  these  studies,  torrefac¬ 
tion  and  pyrolysis  are  normally  carried  out  using  fluidized  bed 
reactors  or  auger  reactors.  Depending  on  the  torrefaction  condi¬ 
tions,  liquid  from  pyrolysis  of  torrefied  biomass  has  a  lower  water 
content  and  oxygen  to  carbon  ratio  [37,55]  and  higher  stability 
[55,56]  and  energy  content  [51,55],  but  at  the  expense  of  a  reduc¬ 
tion  in  the  liquid  yield  [37,50,51,53,56].  In  view  of  these  results, 
torrefaction  pre-treatment  could  improve  the  properties  of  sewage 
sludge  pyrolysis  liquid  as  a  fuel.  To  the  best  of  our  knowledge,  tor- 
refaction  of  sewage  sludge  as  pre-treatment  for  the  improvement 
of  pyrolysis  liquid  properties  has  not  yet  been  investigated  in 
detail.  Abrego  et  al.  [57]  included  torrefaction  as  one  of  the  steps 
in  a  three-stage  process  aimed  at  valorizing  sewage  sludge,  but 
they  did  not  analyze  the  influence  of  torrefaction  on  pyrolysis 
liquid  properties 

This  study  describes  the  effect  of  sewage  sludge  torrefaction 
pre-treatment  in  a  fluidized  bed  reactor  (with  temperatures 
between  220  °C  and  320  °C  and  solid  residence  times  between 
3.6  min  and  10.2  min)  on  the  distribution  and  the  properties  of 
the  products  obtained  after  pyrolysis  of  the  torrefied  solid.  This 
pyrolysis  was  also  carried  out  in  a  fluidized  bed  reactor.  Dry  sew¬ 
age  sludge  pyrolysis  experiments  were  also  carried  out  for  compar¬ 
ison.  The  goal  of  the  study  is  to  identify  whether  sewage  sludge 
torrefaction  pre-treatment  can  enhance  the  fuel  properties  of  pyro¬ 
lysis  liquid. 

2.  Materials  and  methods 

2.1.  Materials 

The  dry  sewage  sludge  (SS)  was  provided  by  a  Spanish  waste- 
water  treatment  plant  located  in  Madrid.  The  sewage  sludge  is 
anaerobically  digested  and  thermally  dried  in  the  treatment  plant, 
which  generates  over  33  kt  per  year  of  dry  SS.  The  properties  of  the 
dry  SS  used  are  listed  in  Table  1.  The  bulk  density  (p)  was  obtained 
by  a  non-standardized  method.  A  known  volume  of  dry  SS  was 
weighed  and  the  density  was  calculated.  The  energy  density 
(penerg)  results  from  the  multiplication  of  the  density  by  the  higher 
heating  value  (HHV).  The  ash  mineral  composition  of  the  dry  SS, 
analyzed  by  Inductively  Coupled  Plasma-Atomic  Emission 


Table  1 

Properties  of  dry  and  torrefied  sewage  sludge. 


Analytical 

standard 

Units 

Dry  SS 

220/ 

10.2 

320/ 

10.2 

220/ 

3.6 

320/ 

3.6 

270/ 

6.1 

270/ 

6.1 

270/ 

6.1 

270/ 

6.1 

220/ 

6.1 

320/ 

6.1 

270/ 

10.2 

270/ 

3.6 

Carbon 

a 

%b 

29.50 

30.75 

28.86 

29.62 

29.94 

30.07 

28.13 

29.32 

29.11 

29.29 

30.28 

30.36 

29.73 

Hydrogen0 

a 

%b 

4.67 

4.96 

3.27 

4.90 

4.50 

4.68 

4.50 

4.61 

4.65 

4.71 

3.41 

4.57 

3.95 

Nitrogen 

a 

%b 

5.27 

5.15 

4.71 

4.95 

5.02 

5.18 

4.75 

4.99 

4.83 

5.01 

5.21 

5.14 

5.08 

Sulfur 

a 

%b 

1.31 

1.11 

0.61 

1.07 

1.12 

1.01 

1.17 

1.08 

0.94 

1.13 

0.63 

1.03 

1.03 

Oxygen 

d 

%b 

20.20 

16.90 

7.83 

18.26 

15.24 

16.30 

19.16 

18.35 

17.57 

18.97 

8.44 

15.82 

18.43 

o/c 

e 

0.37 

0.33 

0.12 

0.31 

0.32 

0.36 

0.40 

0.36 

0.38 

0.38 

0.16 

0.32 

0.35 

H/C 

e 

1.59 

1.76 

1.19 

1.67 

1.66 

1.71 

1.68 

1.65 

1.76 

1.70 

1.29 

1.66 

1.36 

Dry  matter 

ISO-589-1981 

%b 

93.52 

96.2 

96.5 

93.3 

97.2 

96.8 

95.3 

95.1 

96.9 

95.4 

98.8 

97.0 

95.1 

Ash 

%b 

39.04 

41.1s 

54.7s 

41.2s 

44.2s 

42.8s 

42.3s 

41.7s 

42.9s 

40.9s 

53.0g 

43.1s 

41.8s 

HHV1’ 

ASTM  D-3286-96 

Mj  kg-’ 

12.79 

12.90 

12.05 

13.02 

13.62 

13.39 

13.27 

13.23 

13.02 

13.08 

13.25 

13.49 

13.04 

P 

kg  dm-3 

0.862 

0.872 

0.802 

0.880 

0.848 

0.880 

0.878 

0.873 

0.882 

0.862 

0.792 

0.865 

0.873 

Pe  ner 

MJ  dm-3 

11.0 

11.3 

9.7 

11.5 

11.5 

11.8 

11.6 

11.5 

11.5 

11.3 

10.6 

11.7 

11.4 

a  Ultimate  analysis  was  performed  using  Carlo  Erba  1108. 
b  Mass  fraction  %. 

c  The  %  of  hydrogen  includes  the  hydrogen  from  moisture. 

d  Oxygen  (%)  =  100  -  carbon  (%)  -  hydrogen  (%)  -  nitrogen  (%)  -  sulfur  (%)  -  ash  (%). 
e  Molar  basis;  without  moisture  O  and  H. 

f  The  %  of  ash  in  the  dry  SS  was  determined  according  to  ISO-1171-1976. 

g  The  %  of  ash  in  the  TSS  was  determined  taking  into  account  the  yield  to  TSS  and  the  ash  content  of  the  raw  SS:  ashiss  (%)  =  100  •  a^s 
h  HHV  was  determined  using  IKA  C  2000  Basic  Calorimeter. 
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Spectroscopy  (ICP-AES),  has  been  shown  elsewhere  [57].  This  dry 
sewage  sludge  is  rich  in  iron  and  silica.  The  different  types  of  torr¬ 
efied  sewage  sludge  (TSS)  used  in  this  study  were  obtained  in  a 
previous  work  [39],  Torrefaction  was  carried  out  in  a  laboratory 
scale  fluidized  bed  reactor  under  different  temperatures  and  solid 
residence  times.  The  torrefaction  temperature  was  set  to  220  °C, 
270  °C  and  320  °C  and  the  average  solid  residence  time  was 
3.6  min,  6.1  min  and  10.2  min.  The  dry  SS  particle  size  was  in  the 
range  of  250-500  pm.  The  properties  of  TSS  used  in  this  work  are 
also  listed  in  Table  1.  Torrefied  sewage  sludge  samples  are  named 
x/y,  where  x  is  the  torrefaction  temperature  and  y  is  the  torrefac¬ 
tion  solid  residence  time.  The  ash  content  of  the  torrefied  SS  was 
calculated  taking  into  account  the  ash  content  of  the  dry  SS  and 
the  yield  of  torrefied  solid. 

2.2.  Experimental  system  and  procedure 

Two  processes  have  been  analyzed  in  this  study:  fast  pyrolysis 
of  dry  sewage  sludge  and  fast  pyrolysis  of  torrefied  sewage  sludge. 
A  scheme  of  these  processes  is  shown  in  Fig.  la  (fast  pyrolysis  of 
dry  SS)  and  Fig.  lb  (fast  pyrolysis  of  TSS). 

2.2.1.  Pyrolysis  tests 

A  lab-scale  fluidized  bed  reactor  (<1  kg  hr1)  was  used  to  per¬ 
form  fast  pyrolysis  experiments.  The  same  reactor  was  used  previ¬ 
ously  to  prepare  the  TSS  samples  [39],  Fluidized  bed  reactors 
provide  high  heating  rates.  The  experimental  plant  consisted  of  a 
screw  feeder,  a  fluidized  bed  reactor,  a  condensation  system  for 
the  liquid  collection  and  a  gas  analysis  system.  The  schematic  of 
the  experimental  plant  as  well  as  the  experimental  procedure  car¬ 
ried  out  during  the  pyrolysis  have  been  shown  elsewhere  [58], 

Fast  pyrolysis  operational  conditions  were  kept  constant  for  all 
the  experiments  to  study  the  effect  of  the  torrefaction  on  fast  pyro¬ 
lysis  products  and  their  properties.  The  average  run  time  was 
75  min.  The  solid  residence  time  was  calculated  as  the  ratio 
between  the  mass  of  char  remaining  in  the  bed  after  the  experi¬ 
ment  and  the  flow  of  TSS  (or  dry  SS)  fed  during  the  experiment. 
The  average  solid  residence  time  for  fast  pyrolysis  experiments 
was  5.7  min.  The  nitrogen  volumetric  flow  per  reactor  area  was 
0.074  m3  (STP)  nr2  s_1  (ratio  between  the  fluidization  velocity 
and  the  minimum  fluidization  velocity  of  the  bed  around  8).  Aver¬ 
age  gas  residence  time  was  around  3  s,  calculated  as  the  ratio 
between  the  volume  of  the  reactor  (bed  volume  plus  freeboard  vol¬ 
ume)  and  the  volumetric  flow  of  flue  non-condensable  gases  (NCG) 
at  530  °C. 


2.2.2.  Pyrolysis  product  analyses 

The  mass  yields  of  each  one  of  the  TSS  pyrolysis  products  were 
calculated  as  the  percentage  ratio  between  the  mass  of  pyrolysis 
product  (rcipyroiysis  product)  obtained  and  the  mass  of  dry  SS  intro¬ 
duced  in  the  torrefaction  process  (mdry  Ss  fed)  (or  during  pyrolysis 
in  the  case  of  fast  pyrolysis  of  dry  SS),  using  Eq.  (1): 


^/product  (O) 


/ 111  pyrolysis  product  \  x  qq 
\  nidry  ss  fed  / 


(1) 


The  mass  of  char  obtained  was  determined  by  difference  in  weight 
of  the  vessels  in  which  it  was  collected.  For  each  experiment,  the 
bulk  density  (pchar)  and  the  higher  heating  value  (HHVchar)  of  char 
were  determined  three  times  with  the  same  methods  used  for  the 
dry  SS.  The  specific  surface  area  (SBET)  was  determined  following 
the  Brunauer-Emmet-Teller  (BET)  method  using  a  Micromeritics 
TriStar  3000  gas  adsorption  analyzer. 

The  mass  of  NCG  obtained  from  pyrolysis  was  calculated  taking 
into  account  the  gas  composition  provided  by  the  micro-gas  chro¬ 
matograph  (micro-GC;  Agilent  3000A)  analysis  and  the  known  vol¬ 
umetric  flow  of  nitrogen  introduced.  The  lower  heating  value  of  the 
gas  (N2  free)  (LHVgas)  was  calculated  taking  into  account  the  com¬ 
position  of  the  gas  and  the  higher  heating  value  of  each  compound. 

The  mass  of  liquid  obtained  was  calculated  by  difference  in 
weight  of  the  devices  in  which  it  condensed.  The  liquid  was  stored 
in  a  fridge  at  3-5  °C  until  it  was  analyzed.  For  a  proper  character¬ 
ization  of  each  phase,  the  liquid  was  centrifuged  at  4500  rpm 
(2038 xg)  during  30  min  using  an  Heraeus  Megafuge  16  Centrifuge 
and  the  different  phases  were  separately  collected.  The  liquid  sep¬ 
arated  into  three  different  phases:  light  organic  phase  (LOP),  heavy 
organic  phase  (HOP)  and  aqueous  phase  (AP).  The  distribution  of 
the  compounds  in  the  different  phases  is  related  to  the  polarity 
and  to  the  density  of  the  compounds.  The  water  content  (mass 
fraction  %)  of  the  different  phases  (Wphase)  was  quantified  by  the 
Karl-Fischer  titration  method  (Mettler  Toledo  V-20  analyzer)  using 
appropriate  Karl-Fisher  reagents  for  samples  that  contain  alde¬ 
hydes  and  ketones.  The  density  (pPhase)  of  the  HOP  and  the  AP 
was  determined  using  a  portable  Mettler  Toledo  densimeter 
(model  Densito  30  PX).  The  density  of  the  LOP  was  determined 
by  weighing  a  known  volume  using  a  microsyringe,  due  to  the 
small  amounts  obtained.  The  yield  of  each  one  of  the  phases 
0/phase)  was  calculated  using  the  whole  liquid  yield,  and  the  volu¬ 
metric  distribution  and  the  density  of  each  phase.  For  the  organic 
phases,  the  higher  heating  value  (HHVphase)  and  the  energy 
recovery  0/energy,phase)  were  also  determined.  The  energy  recovery 


Fig.  1.  Flowsheets  of  the  processes  carried  out.  (a)  Pyrolysis  of  raw  sewage  sludge  (b)  Pyrolysis  of  torrefied  sewage  sludge. 
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indicates  the  energy  content  of  dry  SS  contained  in  the  phase.  This 
is  calculated  using  Eq.  (2): 


/0/\  __  '/phased  '  HHVphase  i 

'/energy, phase, i  v/0/  HHV 


^dry  SS 


(2) 


where  //phase, i  is  the  yield  of  the  liquid  phase,  HHVphase,i  is  the  higher 
heating  value  of  the  liquid  phase  and  HHVdly  Ss  is  the  higher  heating 
value  of  dry  SS.  The  dynamic  viscosity  of  the  HOP  (pHop)  was  deter¬ 
mined  at  room  temperature  using  a  Fungilab  rotational  viscometer 
(Visco  Basic  Plus).  The  content  of  ammoniacal  nitrogen  (NH3-N)  in 
the  AP  was  determined  taking  into  account  the  APHA  standards 
[59].  The  yield  of  ammoniacal  nitrogen  (//nh3-n)  was  calculated  using 
the  yield  of  the  AP  and  the  content  of  ammoniacal  nitrogen  in  the  AP. 

The  water  content  of  the  liquid  (Wiiquid)  was  calculated  using 
the  yield  of  each  phase  and  their  water  contents.  The  total  water 
content  together  with  the  liquid  yield  allowed  the  calculation  of 
the  yield  of  water  (//water)-  The  yield  of  organic  compounds  (//organic) 
was  calculated  as  the  difference  between  the  liquid  and  the  water 
yields. 

The  identification  and  semi  quantification  of  the  organic  com¬ 
pounds  present  in  the  three  phases  of  the  liquid  were  performed 
by  gas  chromatography  using  an  Agilent  7890A  GC  chromatograph 
with  an  Agilent  5975C  mass  selective  detector  (MSD)  and  a  flame 
ionization  detector  (FID).  The  samples  were  dissolved  in  the  appro¬ 
priate  solvents  and  were  derivatized  with  N,0-Bis(trimethyl- 
silyl)trifluoroacetamide  with  trimethylchlorosilane  when 
necessary.  The  area  percentage  of  the  integration  peaks  of  the  iden¬ 
tified  compounds  was  used  for  the  comparison  of  the  chemical 
composition. 


2.3.  Experimental  design 

A  Full  Factorial  Design  (FFD)  was  used  to  study  the  influence  of 
the  torrefaction  operational  conditions  and  their  interactions  on 
the  fast  pyrolysis  products,  especially  on  the  properties  of  the 
liquid  product.  Factorial  designs  are  suitable  for  studying  the  effect 
of  the  experimental  variables  and  their  interactions  [38,56],  The 
factors  evaluated  were  the  torrefaction  temperature,  Ttorr  (220- 
320  °C),  and  the  torrefaction  solid  feed  rate,  Qfeed,torr.  (6- 
16  g  min-1)  (4  runs).  The  solid  feed  rate  was  chosen  as  one  of  the 
factors  instead  of  the  solid  residence  time  to  ensure  that  the  two 
factors  were  independent  [39].  The  different  solid  feed  rates  corre¬ 
sponded  to  different  torrefaction  solid  residence  times  (ttorr)  (10.2— 
3.6  min).  4  replicas  at  the  center  point  conditions  -  270  °C  and 
1 1  g  min-1  (6.1  min)  -  were  carried  out  to  evaluate  the  experimen¬ 
tal  error  and  the  curvature  of  the  evolution  of  the  response  vari¬ 
ables  [60],  The  response  variables  studied  are  specified  in 
Table  2.  The  experimental  data  were  analyzed  through  analysis 
of  variance  (ANOVA)  with  a  confidence  level  of  95%.  If  the  evolu¬ 
tion  of  the  response  variable  is  not  linear,  it  will  be  necessary  to 
cany  out  more  experiments  under  different  conditions  to  deter¬ 
mine  which  factor  causes  the  curvature.  The  ANOVA  analyses 
revealed  that  some  response  variables  of  the  present  study  did 
not  show  a  linear  trend,  and  thus  the  experimental  design  was  aug¬ 
mented  with  4  axial  runs.  Therefore,  12  fast  pyrolysis  runs  were 
performed  using  TSS  as  feedstock. 

The  Face  Centered  Central  Composite  Design  (FCCCD)  used 
allows  the  fitting  of  second-order  models  if  the  response  variables 
do  not  follow  a  linear  trend  with  the  factors  within  the  range  of 
study  [60  .  The  model  coefficients  allow  the  determination  of  the 


Table  2 

Response  variables  studied. 


Product 

Variable 

Nomenclature 

Units 

Char 

Char  yield 

//char 

%3 

Higher  heating  value  (daf) 

HHVchar  (daf) 

MJ  kg-1 

BET  specific  surface  area 

Sbet 

m2 

Liquid 

Liquid  yield 

//liq.pyr 

%a 

LOP  yield 

//lop 

%a 

LOP  water  content 

Wlop 

%a 

LOP  higher  heating  value 

HHVLop 

MJ  kg-1 

LOP  energy  recovery 

Chemical  composition  of  the  LOP 

//energy.LOP 

% 

HOP  yield 

//hop 

%a 

HOP  water  content 

WHop 

%a 

HOP  higher  heating  value 

HHVhop 

MJ  kg-1 

HOP  energy  recovery 

//energy.HOP 

% 

HOP  viscosity 

Chemical  composition  of  the  HOP 

l^HOP 

mPa  s 

AP  yield 

/7ap 

%a 

AP  water  content 

Wap 

%a 

NH3-N  yield 

Chemical  composition  of  the  AP 

//NH3-N 

%a 

Water  yield 

//water 

%a 

Liquid  water  content 

^liquid 

%a 

Organic  compounds  yield 

//organic 

%a 

Gas 

Permanent  gases  yield 

V  gas.pyr 

%a 

C02  yield 

//C02 

%a 

H2S  yield 

Z/H2S 

%a 

C2H4  yield 

//C2H4 

%a 

C2H6  yield 

//C2H6 

%a 

H2  yield 

//H2 

%a 

CH4  yield 

//CH4 

%a 

CO  yield 

//co 

%a 

Gas  lower  heating  value 

LHVgas 

MJ  m'3(SPT) 

Torrefaction  +  pyrolysis 

Cumulative  gas  yield 

//  gas.cum 

%a 

Cumulative  liquid  yield 

// liq,  cum 

%a 

Cumulative  water  yield 

//water,  cum 

%a 

Cumulative  organic  compounds  yield 

//organic,  cum 

%a 

Mass  fraction. 
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relative  influence  of  each  factor  on  one  variable.  The  higher  the 
coefficient,  the  higher  is  the  factor  effect.  To  study  the  influence 
of  torrefaction  conditions,  both  the  plots  represented  and  the  dis¬ 
cussion  of  the  results  are  based  on  the  values  calculated  from  the 
models. 

For  the  comparison  of  the  results  from  dry  SS  pyrolysis  with  the 
results  from  TSS  pyrolysis,  2  additional  fast  pyrolysis  runs  using 
dry  SS  as  feedstock  were  performed.  In  this  case,  only  one  factor 
was  investigated.  Therefore,  one-way  analysis  of  variance  (one¬ 
way  ANOVA),  at  a  confidence  level  of  95%,  was  applied  to  deter¬ 
mine  whether  torrefaction  pre-treatment  has  effect  on  the  pyroly¬ 
sis  products  and  their  properties  or  not  j  60],  When  a  significant 
effect  of  torrefaction  was  detected  by  one-way  ANOVA  analysis,  a 
multiple  range  test  -  Fisher’s  LSD  test  -  was  used  to  compare  pairs 
of  values  and  determine  which  torrefaction  conditions  cause  differ¬ 
ences  in  pyrolysis  product  yields  and  properties  compared  to  pyro¬ 
lysis  of  dry  SS. 

3.  Results  and  discussion 

3.3.  Pyrolysis  product  yields 

The  mass  yields  of  each  of  the  fast  pyrolysis  products  obtained 
(char,  liquid  and  NCG)  are  expressed  in  mass  of  feedstock.  Mass 
balance  closures  are  over  94%  (Table  3),  taking  into  account  both 
the  torrefaction  and  fast  pyrolysis  processes  or  only  pyrolysis  when 
dry  sewage  sludge  is  used  directly  as  feed  (Table  3).  The  yield  of 
torrefied  solid  obtained  under  the  different  torrefaction  conditions 
studied  can  be  found  elsewhere  [39],  In  all  cases,  the  char  is  the 
major  product  while  the  gas  is  the  minor  product.  Only  the  yield 
of  the  liquid  product  obtained  in  the  pyrolysis  step  is  affected  by 
torrefaction  pre-treatment  of  sewage  sludge.  Other  authors  have 
also  found  that  the  yield  of  pyrolysis  char  from  other  types  of  bio¬ 
mass  was  not  affected  by  this  pre-treatment  at  torrefaction  tem¬ 
peratures  lower  than  290  °C  and  a  solid  residence  time  of  25  min 
[52], 

The  fast  pyrolysis  liquid  yield  (j/nq.py,-)  varies  between  12  ±3% 
and  34  ±  3%  within  the  range  of  study  (Fig.  2a).  The  torrefaction 
temperature  is  the  most  influential  parameter  on  the  pyrolysis 
liquid  product  yield  (the  highest  model  coefficient,  as  can  be 
observed  in  Table  4).  As  the  interaction  between  the  torrefaction 
temperature  and  the  solid  residence  time  is  significant,  the  effect 
of  the  torrefaction  temperature  depends  on  the  value  of  the  solid 
residence  time.  At  solid  residence  times  of  6.1  min  or  longer,  the 


liquid  yield  decreases  if  the  temperature  is  above  270  °C,  while 
at  the  shortest  solid  residence  times  the  temperature  does  not  have 
a  great  effect  on  the  pyrolysis  liquid  yield.  During  torrefaction  most 
of  the  devolatilization  reactions  take  place  at  temperatures  higher 
than  270  °C  and  solid  residence  times  longer  than  6.1  min,  within 
the  studied  intervals.  At  these  severe  conditions,  dry  SS  reacted 
to  a  greater  extent  during  the  torrefaction  process,  producing  a  sig¬ 
nificant  water  loss  (with  yields  of  water  from  torrefaction  higher 
than  the  initial  moisture  content  of  dry  SS)  and  some  organic  com¬ 
pound  release  (yields  of  organic  compounds  from  torrefaction  over 
5%)  [39],  Therefore,  there  are  fewer  sewage  sludge  compounds 
which  can  undergo  chemical  reactions  during  the  pyrolysis  stage. 
If  torrefaction  is  carried  out  at  320  °C,  the  pyrolysis  liquid  yield 
decreases  from  26  ±  3%  to  12  ±  3%  while  increasing  the  solid  resi¬ 
dence  time  during  torrefaction  from  3.6  min  to  10.2  min.  These 
results  are  consistent  with  those  obtained  by  Meng  et  al.  for  lob¬ 
lolly  pine  chips  [37]  and  by  Boateng  et  al.  for  hardwood  and 
switchgrass  [55],  Liaw  and  co-workers  observed  that  torrefaction 
temperatures  higher  than  270  °C  in  an  auger  reactor  provoke  a 
decrease  in  the  yield  of  liquid  from  pyrolysis  of  torrefied  fir  wood, 
even  at  a  torrefaction  solid  residence  time  of  72  s  [53],  The 
decrease  in  liquid  yield  may  be  the  result  of  the  devolatilization 
of  the  dry  SS  during  torrefaction,  as  other  authors  such  as  Zheng 
et  al.  have  mentioned  [50], 

The  liquid  yield  obtained  using  SS  torrefied  at  320  °C  as  feed¬ 
stock  for  pyrolysis,  whatever  the  solid  residence  time,  is  lower  than 
the  pyrolysis  liquid  yield  obtained  using  dry  SS  (Fig.  2b).  Therefore, 
torrefaction  at  high  temperatures  provokes  a  decrease  in  the  pyro¬ 
lysis  liquid  yield  because  of  the  decomposition  suffered  by  the 
sewage  sludge  during  torrefaction.  The  liquid  yield  obtained  using 
SS  torrefied  at  10.2  min,  whatever  the  torrefaction  temperature,  is 
lower  than  the  pyrolysis  liquid  yield  obtained  using  dry  SS 
(Fig.  2b).  Then,  torrefaction  at  long  solid  residence  times  also  pro¬ 
vokes  a  decrease  in  the  pyrolysis  liquid  yield. 

There  are  no  significant  differences  between  the  cumulative 
liquid  yield  (tj iiq,CUm).  calculated  as  the  sum  of  the  torrefaction 
liquid  yield  and  the  pyrolysis  liquid  yield,  obtained  at  the  different 
torrefaction  conditions  and  the  liquid  yield  obtained  from  pyrolysis 
of  dry  SS,  as  can  be  observed  in  Fig.  2c.  Although  the  pyrolysis 
liquid  yield  is  affected  by  torrefaction  operational  conditions,  the 
sum  of  the  liquid  yields  obtained  from  the  two  processes  -  torre¬ 
faction  and  pyrolysis  -  is  not  affected  by  these  operational  condi¬ 
tions.  In  the  same  way,  the  cumulated  yield  of  the  gas  product 
0/gas, cum)>  from  both  torrefaction  and  pyrolysis  steps  is  not  affected 


Table  3 

Design  matrix,  yields  to  pyrolysis  products  and  to  torrefaction  liquid  and  NCG,  and  mass  balance. 


Average  torrefaction  solid  residence  time  (min) 

3.6 

6.1 

10.2 

3.6 

6.1 

10.2 

3.6 

6.1 

10.2 

3.6 

6.1 

10.2 

h orr  (°C) 

Torrefaction  residence  time  (min) 

7/char  (%) 

*7 liq.pyr  ('O 

T/gas.pyr  (^) 

220 

3.6 

6.3 

10.8 

46 

48 

51 

32 

35 

31 

9 

10 

9 

270 

4.1 

6.4  ±  0.3a 

9.1 

46 

49  ±  la 

47 

34 

32  ±  la 

31 

10 

10±la 

9 

320 

3.0 

4.6 

10.7 

48 

48 

49 

27 

17 

13 

10 

6 

7 

Dry  SSb 

- 

49  ±1 

37  ±  1 

10±1 

Coefficient  of  variation0  (%) 

5 

2 

3 

10 

Fforr  (°C) 

^liq.torr  (%) 

^/gas.torr  (%) 

Mass  balance  (%) 

220 

7.6 

4.4 

6.6 

0.02d 

0.03d 

0.09 

95 

97 

98 

270 

5.6 

7.0  ±  0.9cl 

8.2 

0.06 

0.14  ±  0.03a 

0.23 

96 

98  ±  3a 

95 

320 

9.7 

21.6 

22.7 

0.57 

2.94 

2.73 

95 

96 

94 

Dry  SSb 

- 

- 

95  ±2 

Coefficient  of  variation0  (%) 

13 

21 

3 

a  Mean  value  ±  standard  deviation.  Calculated  from  the  results  obtained  for  the  different  response  variables  at  the  center  point  conditions. 
b  Dry  sewage  sludge  pyrolysis.  Mean  value  ±  standard  deviation. 

'  Calculated  from  the  results  obtained  for  the  different  response  variables  at  the  center  point  conditions.  Calculated  taking  into  account  the  mean  value  and  the  standard 
deviation:  Coefficient  of  variation  (%)  =  100  • 
d  Under  detection  precision. 
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Fig.  2.  (a)  Pyrolysis  liquid  yield  vs.  torrefaction  temperature  for  different  torrefaction  solid  feed  rate  values.  The  results  are  expressed  as  the  model  value  at  each  torrefaction 
condition  ±0.5  Fisher  LSD  interval  (taking  into  account  all  the  runs),  (b)  Comparison  of  SS  pyrolysis  liquid  yield  and  TSS  pyrolysis  liquid  yield  (LSD  interval),  (c)  Comparison  of 
the  sum  of  liquid  yields  obtained  from  the  two  processes  and  SS  pyrolysis  liquid  yield  (LSD  interval). 


Table  4 

Coefficients  of  the  terms  of  the  coded  model  of  the  factorial  design  for  the  response  variables.  Mean  value  ±  0.5  Confidence  interval  (95£). 


Response  variable 

Independent  term 

T 

Qfeed 

T-  Qfeed 

r2 

Qfeed 

T2  •  Qfeed 

F  ailed 

R2lb 

Product  distribution 

*7liq  (^») 

32  ±2 

-7  ±2 

n.sc 

3  ±  2 

-6  ±3 

n.sc 

4  ±  2 

n.sc 

0.95 

*1 water  (^>) 

13.6  ±0.9 

-5.6  ±1.4 

1.7  ±0.8 

1.2  ±1.0 

-3.9  ±1.2 

1.5  ±1.2 

n.sc 

2.1  ±1.7 

0.99 

^/organic  (^) 

19  ±1 

-3  ±  1 

n.sc 

2  ±  1 

-3  ±2 

-2  ±2 

2  ±  1 

n.sc 

0.96 

Liquid 

*7lop  (%) 

3.0  ±0.3 

-0.4  ±  0.3 

n.sc 

0.5  ±  0.4 

-0.6  ±  0.5 

-0.6  ±  0.5 

n.sc 

n.sc 

0.89 

*7energy,LOP  (^) 

10±1 

-1  ±  1 

n.sc 

2  ±  1 

-2  ±2 

-2  ±2 

n.sc 

n.sc 

0.89 

</AP  (%) 

18  ±  2 

-5  ±2 

n.sc 

n.sc 

-4  ±3 

n.sc 

3  ±  2 

n.s1 

0.89 

7/NH3-N  (%) 

0.64  ±  0.07 

-0.15  ±0.07 

0.11  ±0.07 

0.10  ±0.07 

0.99 

a  Coefficient  of  determination,  defined  as  the  ratio  between  the  sum  of  squares  explained  by  the  model  and  the  total  sum  of  squares. 
b  Lack  of  fit  not  significant  (p-value  >0.05). 
c  Not  significant  term  (p-value  >0.05). 


by  the  application  of  a  previous  torrefaction  step  neither  by  the  dif¬ 
ferent  operational  conditions  used  in  this  stage.  Lastly,  the  yields  of 
char  (i/char)  obtained  are  not  significantly  different  when  this  prod¬ 
uct  is  generated  in  a  single  pyrolysis  step  using  dry  SS  or  when  it 
results  from  the  combination  of  both,  torrefaction  and  pyrolysis, 
regardless  of  the  operational  conditions  used  in  torrefaction 
(Table  3).  Liaw  et  al.  observed  that  torrefaction  of  fir  wood  at  tem¬ 
peratures  lower  than  330  °C  does  not  affect  the  cumulative  yield  of 
char,  liquid  and  NCG  [53],  Ren  and  co-workers  also  observed  that 
the  total  liquid  yield  from  both  torrefaction  and  pyrolysis  was  sim¬ 
ilar  to  the  liquid  yield  from  pyrolysis  when  using  fir  pellets  [56], 
Westerhof  et  al.  claim  that,  for  pine  wood,  if  the  cumulative  yield 


from  the  two-step  process  and  the  yield  from  one-step  pyrolysis 
are  not  different,  the  reactions  that  take  place  and  the  changes 
undergone  by  the  raw  material  during  torrefaction  at  temperatures 
of  260  °C  and  290  °C  and  a  solid  residence  time  of  25  min  do  not 
significantly  affect  fast  pyrolysis  at  between  450  °C  and  550  °C  [52], 

Pyrolysis  liquid  is  a  mixture  of  water  and  organic  compounds. 
The  analysis  of  the  yield  of  water  and  the  yield  of  organic  com¬ 
pounds  is  useful  for  checking  whether  torrefaction  pre-treatment 
affects  the  amounts  of  these  products,  even  though  the  cumulative 
liquid  yield  is  not  affected  by  this  pre-treatment. 

The  water  yield  obtained  in  the  pyrolysis  of  torrefied  SS  varies 
between  4.1  ±1.2%  and  16.8  ±1.3%  (Fig.  3a).  The  water  yield 
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Fig.  3.  (a)  Water  yield  vs.  torrefaction  temperature  for  different  torrefaction  solid  feed  rate  values.  The  results  are  expressed  as  the  model  value  at  each  torrefaction  condition 
±0.5  Fisher  LSD  interval  (taking  into  account  all  the  runs),  (b)  Comparison  of  SS  pyrolysis  water  yield  and  TSS  pyrolysis  water  yield  (LSD  interval). 


decreases  as  the  torrefaction  temperature  increases  from  270  °C  to 
320  °C  at  all  the  solid  residence  times  studied.  An  increase  in  tor- 
refaction  solid  residence  time  from  3.6  min  to  6.1  min  provokes  a 
decrease  in  the  water  yield  at  torrefaction  temperatures  equal  or 
higher  to  270  °C.  At  torrefaction  temperatures  of  320  °C  and  solid 
residence  times  longer  than  6.1  min,  dehydration  reactions  begin 
to  be  significant  during  torrefaction. 

Non-torrefied  SS  achieves  the  highest  water  yield,  as  can  be 
observed  in  Fig.  3b.  The  decrease  in  water  yield  caused  by  torrefac¬ 
tion  is  more  pronounced  when  SS  torrefied  at  320  °C  is  used  as 
feedstock  for  pyrolysis,  because  it  has  lost  a  great  amount  of  water 
during  torrefaction. 

Depending  on  the  torrefaction  parameters,  the  yield  of  organic 
compounds  after  pyrolysis  varies  between  7  ±2%  and  19  ±1% 
(Fig.  4a).  The  yield  of  organic  compounds  decreases  with  increasing 
the  torrefaction  temperature  from  270  °C  to  320  °C,  at  solid  resi¬ 
dence  times  equal  to  or  longer  than  6.1  min.  Liaw  et  al.  observed 
that  the  yield  of  organic  compounds  from  pyrolysis  of  torrefied 
fir  wood  started  to  decrease  at  torrefaction  temperatures  higher 
than  270  °C  [53],  The  organic  compounds  yield  is  lower  when 
increasing  solid  residence  time  from  3.6  min  to  10.2  min  at 
320  °C  (Fig.  4a).  The  presence  of  organic  compounds  in  torrefaction 
liquid  was  only  noticeable  when  torrefaction  was  carried  out  at 
severe  conditions  (320  °C  and  solid  residence  times  equal  or  longer 
than  6.1  min)  reaching  values  over  7%  [39  [.  This  is  reflected  in  the 


decrease  in  the  organic  compounds  yield  in  the  pyrolysis  of  these 
torrefied  solids. 

TSS  torrefied  at  severe  conditions  (320  °C  and  solid  residence 
time  longer  than  6.1  min)  used  as  feedstock  for  pyrolysis  yields 
lower  organic  compounds  than  dry  SS  (Fig.  4b).  Therefore,  it  seems 
clear  that  the  reduction  in  the  organic  compounds  yield  in  pyroly¬ 
sis  compared  to  the  pyrolysis  of  dry  SS  is  mainly  due  to  the  organic 
compound  loss  during  torrefaction  at  these  conditions. 

There  can  be  no  assurance  that  the  yield  of  organic  compounds 
obtained  from  pyrolysis  of  dry  SS  is  different  from  the  yield  of 
organic  compounds  obtained  from  the  whole  process  {ijmgcum,  cal¬ 
culated  as  the  sum  of  the  yields  of  torrefaction  organic  compounds 
and  of  pyrolysis  organic  compounds). 


3.2.  Char  properties 

It  cannot  be  assured  that  the  higher  heating  value  (daf)  (HHVchar 
(daf))  of  char  from  TSS  pyrolysis  is  different  from  this  parameter  of 
char  from  dry  SS  pyrolysis  (Table  5). 

Due  to  the  limitations  of  the  technique  in  this  range  (between 
15  m2  g_1  and  18  m2  g_1),  the  effect  of  torrefaction  on  the  BET  spe¬ 
cific  surface  area  (SBet)  of  char  is  not  statistical  analyzed  here.  The 
tentative  values  obtained  give  an  idea  of  the  low  specific  area  of 
char  from  dry  SS  and  TSS  pyrolysis. 


Fig.  4.  (a)  Organic  compounds  yield  vs.  torrefaction  temperature  for  different  torrefaction  solid  feed  rate  values.  The  results  are  expressed  as  the  model  value  at  each 
torrefaction  condition  ±0.5  Fisher  LSD  interval  (taking  into  account  all  the  runs),  (b)  Comparison  of  SS  pyrolysis  organic  compounds  yield  and  TSS  pyrolysis  organic 
compounds  yield  (LSD  interval). 
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Table  5 

Experimental  results  obtained  for  the  response  variables  non-significantly  influenced  by  the  torrefaction  pre-treatment. 


Average  torrefaction  solid  residence  time  (min) 


3.6 

6.1 

10.2 

3.6 

6.1 

10.2 

3.6 

6.1 

10.2 

3.6 

6.1 

10.2 

T, orr  (°C) 

^7gas,cum  (^) 

^/liq.cum  (^) 

^/water.cum  (7>) 

^organic.cum  (^) 

220 

9 

10 

9 

40 

39 

38 

21.7 

20.1 

19.6 

18 

19 

18 

270 

10 

10  ±  2a 

9 

40 

39  ±  la 

39 

22.6 

19.8  ±  0.5a 

22.6 

17 

19  ±  la 

16 

320 

11 

9 

10 

37 

39 

35 

19.8 

20.1 

19.2 

18 

19 

16 

Dry  SSb 

- 

- 

- 

- 

Coefficient  of  variation0  (%) 

20 

3 

3 

5 

Ttorr  (°C) 

HHVchar  (daf)  (MJ  kg-1) 

*7c02  (%) 

tjco  (%) 

^C2H4  (%) 

220 

25 

30 

26 

7 

7 

7 

1.1 

1.3 

1.2 

0.12 

0.15 

0.14 

270 

28 

27  ±  la 

26 

8 

7±la 

7 

1.3 

1 .4  ±  0.2a 

1.2 

0.16 

0.16  ±  0.03a 

0.15 

320 

25 

29 

26 

7 

5 

5 

1.6 

1.0 

1.0 

0.17 

0.12 

0.11 

Dry  SSb 

31  ±4 

8  ±  1 

1.3  ±0.1 

0.14  ±0.01 

Coefficient  of  variation0  (%) 

4 

14 

14 

19 

T, orr  (°C) 

VC 2H6  (%) 

*7h2  (3») 

t]CH4  (%) 

tlH2S  W 

220 

0.11 

0.14 

0.12 

0.13 

0.15 

0.14 

0.31 

0.36 

0.34 

0.4 

0.4 

0.4 

270 

0.14 

0.14  ±  0.02a 

0.13 

0.14 

0.18  ±  0.04a 

0.14 

0.38 

0.40  ±  0.08a 

0.36 

0.4 

0.4  ±  0.1 a 

0.3 

320 

0.17 

0.13 

0.12 

0.20 

0.11 

0.14 

0.46 

0.31 

0.35 

0.3 

0.2 

0.1 

Dry  SSb 

0.14  ±0.01 

0.17  ±0.03 

0.38  ±  0.04 

0.4  ±  0.1 

Coefficient  of  variation0  (%) 

14 

22 

20 

25 

T, or,  (°C) 

LHVgas  (MJ  m-3  (SPT)) 

Wliquid  (%) 

wLOP  (%) 

HHVLop  (MJ  kg-1 

) 

220 

8.2 

8.4 

8.4 

45 

46 

43 

1.3 

1.2 

<id 

41.7 

42.8 

42.2 

270 

8.3 

8.8  ±  0.4a 

8.8 

51 

41  ±la 

47 

2.0 

1 .3  ±  0.4a 

1.2 

41.6 

42.2  ±  0.8a 

43.1 

320 

9.4 

9.9 

10.1 

38 

29 

30 

<id 

1.1 

1.6 

42.8 

41.8 

42.2 

Dry  SSb 

8.4  ±0.1 

51  ±2 

<id 

42.4e 

Coefficient  of  variation0  (%) 

5 

2 

31 

2 

Aorr  (°C) 

^7energy.LOP  (^) 

>7hop  W 

Whop  (%) 

HHVhop  (MJ  leg-1 

) 

220 

6 

10 

8 

11.9 

12.0 

11.7 

9 

7 

7 

31 

33 

32 

270 

8 

10  ±  la 

7 

10.9 

12.6  ±  0.9a 

10.3 

12 

10  ±  2a 

8 

29 

31  ±3a 

32 

320 

8 

6 

3 

11.3 

8.7 

8.0 

8 

6 

7 

32 

32 

33 

Dry  SSb 

9e 

10.0  ±0.3 

9  ±  1 

30  ±  1 

Coefficient  of  variation0  (%) 

10 

7 

20 

10 

Ttorr  (°C) 

Phop  (mPa  s) 

WAP  (%) 

220 

180 

258 

319 

72 

75 

73 

270 

287 

286  ±  200a 

216 

78 

71  ±la 

73 

320 

242 

216 

115 

71 

66 

78 

Dry  SSb 

297  ±100 

75  ±4 

Coefficient  of  variation0  (%) 

70 

1 

a  Mean  value  ±  standard  deviation.  Calculated  from  the  results  obtained  for  the  different  response  variables  at  the  center  point  conditions. 
b  Dry  sewage  sludge  pyrolysis.  Mean  value  ±  standard  deviation. 

c  Calculated  from  the  results  obtained  for  the  different  response  variables  at  the  center  point  conditions.  Calculated  taking  into  account  the  mean  value  and  the  standard 
deviation:  Coefficient  of  variation  (%)  =  100  ■ 
d  Under  detection  precision. 
e  Only  one  replicate. 


3.3.  Gas  properties 

Neither  the  application  of  a  previous  torrefaction  step,  nor  the 
operational  conditions  used  in  torrefaction  affect  on  the  yield  of 
any  of  the  gases  present  in  the  gas  stream  obtained  from  pyrolysis. 
Carbon  dioxide  is  the  major  component  in  both  pyrolysis  of  dry  SS 
and  TSS.  As  expected  from  the  composition  results,  the  LHVgas  (N2 
free)  is  not  affected  by  this  pre-treatment  (Table  5). 

3.4.  Liquid  properties 

As  mentioned  above,  the  pyrolysis  liquid  separated  into  three 
phases,  regardless  of  whether  or  not  torrefaction  pre-treatment 
was  carried  out.  There  was  a  minority  fluid  organic  phase  on  the 
top,  called  light  organic  phase  (LOP),  which  was  rich  in  hydrocar¬ 
bons  and  therefore,  with  an  elevated  higher  calorific  value.  A  vis¬ 
cous  organic  phase,  here  namely  heavy  organic  phase  (HOP), 
which  is  rich  in  oxygenated  compounds  and  appeared  in  the  mid¬ 
dle  of  the  liquid  sample.  The  aqueous  phase  (AP)  placed  in  the  bot¬ 
tom  had  by  far  the  highest  water  content.  These  three  phases 
appeared  in  previous  works  [12,61],  Although  the  liquid  water 


content  (Wjiquid)  is  reduced  with  torrefaction  by  as  much  as  43% 
reaching  values  of  29%  (Table  5)  the  liquid  still  separates  into  three 
phases.  A  massive  reduction  in  the  water  content  of  the  pyrolysis 
liquid  is  not  enough  to  achieve  liquid  homogeneity,  as  has  been 
reported  before  by  Gil-Laguna  et  al.  61],  The  decrease  in  Wliquid 
with  torrefaction  severity  is  due  to  the  increase  in  the  water 
released  through  drying  and  dehydration  reactions  during 
torrefaction. 

The  effect  of  torrefaction  on  the  properties  of  the  liquid  phases 
affected  by  this  pre-treatment  is  analyzed  below. 

3.4.1.  LOP 

No  significant  differences  in  terms  of  water  content  and  higher 
heating  value  of  the  LOP  obtained  from  the  different  experiments 
can  be  noted  (Table  5).  Only  the  yield  of  the  LOP,  the  energy  recov¬ 
ery  and  the  chemical  composition  of  this  phase  are  affected  by 
torrefaction. 

3. 4.1.1.  LOP  yield.  The  LOP  yield  varies  between  0.9  ±  0.4%  and 
3.0  ±0.4%  (Fig.  5).  The  torrefaction  temperature  affects  the  LOP 
yield  at  solid  residence  times  longer  than  6.1  min  (LOP  yield 
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Fig.  5.  LOP  yield  vs.  torrefaction  temperature  for  different  torrefaction  solid  feed 
rate  values.  The  results  are  expressed  as  the  model  value  at  each  torrefaction 
condition  ±0. 5-Fisher  LSD  interval  (taking  into  account  all  the  runs). 

decreasing  from  270  °C  to  320  °C).  The  solid  residence  time  has  a 
significant  effect  on  the  yield  of  the  LOP  when  the  pre-treatment 
is  carried  out  at  320  °C.  At  this  temperature  the  yield  of  LOP  is 
lower  when  the  solid  has  been  torrefied  at  the  longest  solid  resi¬ 
dence  time  in  this  study  (10.2  min). 

3.4. 1.2.  Energy  recovery  of  the  LOP.  Since  the  HHVLOP  is  not  affected 
by  torrefaction,  the  variation  in  //energy, lop  is  caused  by  the  variation 
in  the  LOP  yield.  This  parameter  ranges  from  3±1%  to  10  ±1% 
within  the  range  of  study.  The  observed  trends  in  the  energy  recov¬ 
ery  of  the  LOP  are  the  same  as  those  observed  in  the  yield  of  this 
phase. 

When  comparing  pyrolysis  of  TSS  with  pyrolysis  of  dry  SS 
(LOP  energy  recovery  of  9%),  only  the  energy  recovery  of  the 
LOP  obtained  from  SS  torrefied  at  the  most  severe  conditions 
(320  °C  and  10.2  min)  is  significantly  lower  (Table  5).  The  sewage 
sludge  suffered  the  greatest  loss  of  organic  compounds  such  as 
steroids  and  their  derivatives  during  torrefaction  at  these  condi¬ 
tions  [39]. 

3.4.  1.3.  Chemical  composition  of  the  LOP.  GC-MS  analyses  were  car¬ 
ried  out  to  know  the  LOP  composition.  The  organic  compounds 
identified  in  the  LOP  obtained  from  pyrolysis  of  dry  SS,  TSS  at 
220  °C  and  10.2  min  and  TSS  at  320  °C  and  6.1  min  have  been 
grouped  into  chemical  families.  The  organic  compounds  whose 
area  percentage  is  larger  than  1%  are  listed  in  Table  6.  The  area  per¬ 
centage  of  each  one  of  the  chemical  families  is  shown  in  Fig.  6.  The 
three  light  organic  phases  analyzed  are  rich  in  steroids  and  their 
derivatives  such  as  (5a)-cholest-3-ene,  cholest-4-ene,  cholesta- 
2, 4-diene  and  (3p)-cholest-5-en-3-ol.  These  compounds  come 
from  the  devolatilization  of  the  extractives  present  in  dry  SS  62], 
The  decline  in  the  proportion  of  steroids  and  their  derivatives  after 
torrefaction  at  severe  conditions  could  be  related  to  the  loss  of 
extractive  compounds  during  torrefaction  since  these  compounds 
are  abundant  in  the  organic  phase  obtained  in  torrefaction  of  dry 
SS  at  a  temperature  of  320  °C  and  a  solid  residence  time  of 
6.1  min  [39],  The  aliphatic  hydrocarbons  present  in  the  LOP  (1- 
hexadecene  and  octadecane,  among  others)  could  be  originated 
from  the  devolatilization  of  the  alkanes  and  alkenes  present  in 
the  dry  sewage  sludge  [62]  and  also  from  the  pyrolysis  of  other 
constituents  such  us  carboxylic  acids  [63],  triglycerides  [64,65] 
and  steroids  [66].  As  some  of  the  oxygen-containing  aliphatic  com¬ 
pounds  (mainly  fatty  acids  and  fatty  alcohols)  present  in  this  phase 
were  also  present  in  the  extractives  of  the  dry  sewage  sludge,  it 


seems  that  they  could  come  from  the  devolatilization  of  sewage 
sludge  [62], 

3.4.2.  HOP 

Neither  the  yield  nor  the  water  content  and  the  higher  heating 
value  of  the  HOP  are  affected  by  torrefaction  within  the  range  of 
study.  Besides,  the  energy  recovery  of  this  phase  (calculated  by 
Eq.  (2))  is  not  improved  by  torrefaction  (Table  5).  At  the  torrefac¬ 
tion  temperatures  studied,  maybe  longer  solid  residence  times 
are  required  to  provoke  changes  in  the  properties  of  the  HOP. 
The  HOP  behaves  as  a  pseudoplastic  and  its  viscosity  depends  on 
the  shear  rate  (varied  between  0.3  s~]  and  93  s-1).  The  values 
obtained  at  the  highest  shear  rate  have  been  compared  and  it  is 
not  possible  to  observe  the  effect  of  the  torrefaction  step  on  the 
viscosity  of  this  phase  due  to  the  high  measurement  errors.  In 
any  case,  the  values  of  viscosity  obtained  are  too  high  to  use  this 
phase  as  a  fuel  (Table  5). 

3.4.2. 1.  Chemical  composition  of  the  HOP.  The  organic  compounds 
identified  in  the  HOP  obtained  from  pyrolysis  of  dry  SS,  TSS  at 
220  °C  and  10.2  min  and  TSS  at  320  °C  and  6.1  min  have  been 
grouped  into  chemical  families  (see  Fig.  7).  The  organic  compounds 
whose  area  percentage  is  larger  than  1%  are  listed  in  Table  6.  Other 
authors  have  mentioned  that  the  proportion  of  ash  in  the  material 
fed  could  cause  differences  in  the  chemical  composition,  since  ash 
can  act  as  a  catalyst  [62,67],  The  decrease  in  the  proportion  of  oxy¬ 
gen-containing  aliphatic  compounds  (mainly  fatty  acids,  such  as 
palmitic  acid  and  stearic  acid)  and  steroids  and  their  derivatives 
such  as  cholest-2-ene  and  (5p)-cholest-3-ene  with  the  torrefaction 
pre-treatment  is  appreciable.  Oxygen-containing  aliphatic  com¬ 
pounds  are  present  in  torrefaction  liquid  since  they  are  generated 
at  low  temperatures.  These  are  the  main  organic  compounds  in  the 
organic  phase  obtained  in  torrefaction  of  dry  SS  at  a  temperature  of 
320  °C  and  a  solid  residence  time  of  6.1  min  [39].  Therefore,  the 
proportion  of  these  compounds  in  the  pyrolysis  HOP  was  expected 
to  decrease  with  torrefaction  severity.  A  decrease  in  the  proportion 
of  oxygen-containing  aliphatic  compounds  could  improve  the  sta¬ 
bility  of  the  HOP  [27,68].  Besides,  the  high  ash  content  of  SS  torr¬ 
efied  at  320  °C  and  6.1  min  (38%  higher  compared  to  dry  SS) 
could  cause  the  degradation  of  oxygen-containing  aliphatic  com¬ 
pounds  and  therefore  the  decrease  in  the  proportion  of  these  com¬ 
pounds  [62,67],  As  mentioned  before,  the  loss  of  extractive 
compounds  during  torrefaction  decreases  the  proportion  of  ste¬ 
roids  and  their  derivatives  in  pyrolysis  liquid.  The  proportion  of 
oxygen  and  nitrogen-containing  aliphatic  compounds  and  of  oxy¬ 
gen  and/or  nitrogen-containing  aromatic  compounds  in  the  HOP 
from  TSS  at  320  °C  and  6.1  min  is  higher  than  that  from  pyrolysis 
of  dry  SS.  Phenolic  compounds  such  as  phenol  and  cresols  are 
abundant  in  the  HOP  and  could  come  from  the  pyrolysis  of  poly¬ 
saccharides  and  proteins  [69],  It  seems  that  the  proportion  of  these 
compounds  increases  with  torrefaction  severity  within  the  ranges 
of  study.  Most  of  both  nitrogen-containing  aliphatic  and  aromatic 
compounds  come  from  the  decomposition  of  proteins  present  in 
dry  SS  [70,71].  The  proportion  of  nitrogen-containing  compounds 
in  the  HOP  such  as  nitriles  increases  with  torrefaction  severity 
because  proteins  barely  react  at  temperatures  below  300  °C  but 
suffer  cracking  at  temperatures  between  300  °C  and  500  °C  [72], 

3.4.3.  AP 

According  to  the  results  obtained,  the  yield  of  the  AP  and  the 
yield  of  NH3-N  are  affected  by  the  different  torrefaction  conditions 
but  not  its  water  content  (Table  5). 

3.4.3. 1.  AP  yield.  The  yield  of  the  pyrolysis  aqueous  phase  ranges 
from  6  ±  3%  to  22  ±  3%  in  the  intervals  of  the  torrefaction  opera¬ 
tional  conditions  under  study  (Fig.  8a).  The  yield  of  AP  decreases 
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Table  6 

Organic  compounds  identified  in  the  LOP,  HOP  and  AP  from  pyrolysis  of  dry  SS,  TSS  obtained  at  200  °C  and  10.2  min  and  TSS  obtained  at  320  °C  and  6.1  min  (area  percentage  of  the 
organic  compound  >1%).  The  organic  compounds  have  been  grouped  by  chemical  families. 


LOP 

HOP 

AP 

Aliphatic  compounds  with  oxygen 

( 1 5E)-1 5-Heptadecenala,b 

(4E)-4-Methyl-6-(tetrahydro-2H-pyran-2- 

yloxy)-4-hexenalb,c 

Acetic  acid 

l-Icosanolc 

Dodecanoic  acidb,c 

Propionic  acid 

2,2-Dimethyl-3-[(3E,7E,llE,15E)-3,7,12,16,20-pentamethyl-3,7,ll,15,19- 

Myristic  acid 

2-Methylpropanoic  acid 

henicosapentaen-1 -yl]oxiraneb,c 

Methyl  4-acetoxy-l  b-hydroxy-3-isopropenyl-5a-methyl-5- 

Pentadecanoic  acid 

Butyric  acid 

oxooctahydrospiro[indeno[l,2-b]oxirene-6,2’-oxirane]-2-carboxylatea,b 
2,3-Dihydroxypropyl  (9Z,12Z,15Z)-9,12,15-octadecatrienoateb,c 

1-Hexadecanol 

3-Methylbutanoic  acid 

Palmitic  acid 

4-Methylpentanoic  acid 

9-Hexadecenoic  acidc 
(9E)-9-Octadecenoic  acidb 
l-Octadecanolc 
(9Z)-9-Octadecenoic  acid 

Stearic  acid1 

(llE)-ll-Octadecenoic  acid 

Hexanoic  acid 

Aliphatic  compounds  with  nitrogen 

PentadecanenitrileL 

Ethylamineb,c 

Acetonitrile 

Heptadecanenitrile 

Hexadecanenitrile 

Heptadecanenitrilea,b 

Aliphatic  compounds  with  oxygen  and  nitrogen 

Formamide,  N-{4-[2-(  1 ,1  -dimethylethyl)-5-oxo-l  ,3-dioxolan-4-yl]butylbc 

Norvalineb,c 

Ethanimidic  acid 

9-Octadecenamide 

D-Alanine 

Propanimidic  acid 

2-Aminoethanola,b 

2-Pyrrolidinone 

5,5-Dimethyl-2,4-imidazolidinedione 

2-Piperidinone 

5,6-Dihydro-2,4-pyrimidinediolc 

5,5-Dimethyl-2,4- 

imidazolidinedione 

2,4,5-Imidazolidinetrionea,c 

1  -Methyl-2-azepanoneb,c 

Succinamideb,c 

5-Ethyl-5-methyl-2,4- 

imidazolidinedione 

5-Methyl-2,4-imidazolidinedione 

5-Isopropyl-2,4- 

imidazolidinedione 

3-Isobutylhexahydropyrrolo[  1 ,2- 

a]pyrazine-l  ,4-dione 

(5S)-5-Isobutyl-2,4- 

imidazolidinedioneb,c 


Aromatic  compounds  with  oxygen  and/or  nitrogen 

p-Cresol 

Phenol 

o-CresoI 

p-Cresol 

m-Cresol 

2.4- Dimethylphenola,c 

3.5- Dimethylphenol 

4-Hydroxybenzaldehyde 

Phenylacetonitrile 

Hydroquinone 

2- Methyl-3-[4-(2-methyl-2- 
propanyl)phenyl]propanalb,c 
(4Z)-4-[(4-Methylphenyl)imino]-2- 
pentanoneclb 

2,3-Dimethyl-2,3-diphenylsuccinonitrileab 

1  -Methyl-3, 3-bis(2-methyl-2-propanyl)-l  ,3- 
dihydro-2H-indol-2-onea,b 

3- Hydroxyphenylalanine 

Benzoic  acid 

Heterocyclic  aromatic  compounds  (0  and/or  N) 

7-methyl-l  H-indolelb 

4-(4-Methylphenyl)pyridineab 

1  H-lmidazo[4,5-d]pyridazinea,b 
lH-Indolec 

3-Pyridinamine 

3-Pyridinol 

2-Pyridinol 

Aliphatic  hydrocarbons 

1 ,3,5,7-Cyclooctatetraenebc 
1-Tetradeceneat 

3-Tetradeceneab 

1  -Pentadecene1 

1-Hexadecene 

Octadecanea 

1 ,3,5,7-Cyclooctatetraene 
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Table  6  ( continued ) 


LOP 


HOP 


AP 


Steroids  and  derivatives 

(3(3)-Cholest-5-en-3-ol 
Cholesta-3, 5-diene 
4-Methylcholesta-8,24-dien-3-ol 
Chol-8(  1 4)-en-24-ola 
1 4-Methylcholest-8-en-3-oneb 

(3p,4a,5a)-4,14-Dimethylergosta-8,24(28)-dien-3-ola’b 

(3p)-Cholesta-5,7-dien-3-ol 
1 4-Methylcholest-8-en-3-oneb 
Cholest-4-ene-3,6-dioneac 

(3(3,5p,15p)-3-Hydroxy-14,15-epoxybufa-20,22-dienolide 
(3ot,5p,7p,8E,)-3,7-Dihydroxycholan-24-oic  acid 
(3(5,5p,15p,16p)-3,16-Dihydroxy-14,15-epoxybufa-20,22-dienolidec 
Stigmastan-3,5-dienec 
(3p,22E)-Ergosta-4,6,22-trien-3-olcl,b 
(5a)-Cholestan-3-onea,c 
(5oc)-Cholest-3-ene 
(5  p)-Cholest-2-enea 
Cholest-4-ene 
(5oc)-Cholest-2-eneb 
Cholest-l-enec 
Cholest-2-ene 
Cholesta-2, 4-diene 


Compounds  with  sulfur 

l-[4-(Methylsulfanyl)phenyl]ethanonea,b 

2-[(2-Methyl-2- 

propanyl)oxy]thiopheneac 

a  Not  present  when  dry  SS  is  pyrolyzed. 

b  Not  present  when  TSS  obtained  at  220  °C  and  10.2  min  is  pyrolyzed. 
c  Not  present  when  TSS  obtained  at  320  °C  and  6.1  min  is  pyrolyzed. 


Cholest-4-eneb 

Cholest-2-ene 

(5p)-Cholest-3-ene 

(3  p,5oi)-Cholestan-3-olb,c 

4-Methylcholesta-8,24-dien-3-ol 
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Fig.  6.  Percentage  of  the  different  chemical  families  present  in  the  LOP  (%  of  area). 


with  the  increasing  torrefaction  temperature  from  270  °C  to  320  °C 
at  solid  residence  times  longer  than  6.1  min.  At  the  highest  torre¬ 
faction  temperatures,  the  amount  of  water  removed  is  higher 
because  sewage  sludge  loses  water  by  moisture  evaporation  but 
also  by  dehydration  reactions.  Therefore,  it  is  logical  that  the  AP 
yield  decreases  at  the  higher  torrefaction  temperatures.  The  AP 
yield  is  not  affected  by  the  torrefaction  solid  residence  time  within 
the  range  of  temperatures  studied. 

Torrefaction  decreases  the  yield  of  pyrolysis  AP  in  almost  all 
cases  (Fig.  8b).  Sewage  sludge  torrefied  at  320  °C  gives  rise  to  the 


biggest  reduction  in  AP  yield  compared  to  dry  SS  pyrolysis,  namely 
an  AP  yield  reduction  between  43%  and  83%.  Comparing  Fig.  8b 
with  Fig.  3b  it  seems  quite  clear  that  the  water  yield  strongly 
depends  on  the  yield  of  the  aqueous  phase.  The  lower  the  AP  yield, 
the  lower  the  water  yield. 

3.43.2.  NH3-N  yield.  The  yield  of  NH3-N  (present  in  the  aqueous 
phase)  obtained  from  pyrolysis  of  TSS  experiments  is  affected  by 
the  different  operational  conditions  used  in  torrefaction  (see 
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Fig.  8.  (a)  AP  yield  vs.  torrefaction  temperature  for  different  torrefaction  solid  feed  rate  values.  The  results  are  expressed  as  the  model  value  at  each  torrefaction  condition 
±0.5  Fisher  LSD  interval  (taking  into  account  all  the  runs),  (b)  Comparison  of  SS  pyrolysis  AP  yield  and  TSS  pyrolysis  AP  yield  (LSD  interval). 
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Fig.  9.  (a)  NH3-N  yield  vs.  torrefaction  temperature  for  different  torrefaction  solid  feed  rate  values.  The  results  are  expressed  as  the  model  value  at  each  torrefaction  condition 
±0.5  Fisher  LSD  interval  (taking  into  account  all  the  runs),  (b)  Comparison  of  SS  pyrolysis  NH3-N  yield  and  TSS  pyrolysis  NH3-N  yield  (LSD  interval). 


Fig.  9a).  At  solid  residence  times  of  6.1  min  and  10.2  min,  the  yield 
of  NH3-N  decreases  when  the  torrefaction  temperature  increases 
within  the  range  of  study.  At  torrefaction  temperatures  of  270  °C 
and  320  °C  the  yield  of  NH3-N  from  TSS  obtained  at  solid  residence 
time  of  3.6  min  is  higher  than  from  TSS  obtained  at  10.2  min. 

It  can  be  observed  in  Fig.  9b  that  the  yield  of  NH3-N  obtained 
when  pyrolysis  of  dry  SS  is  carried  out  is  significantly  higher  than 
those  values  from  pyrolysis  of  TSS.  Moreover,  the  experiment  car¬ 
ried  out  at  the  most  severe  torrefaction  operational  conditions 
(320  °C  and  10.2  min)  gives  the  lowest  yield  of  this  compound.  This 
fact  could  be  due  to  the  removal  of  NH3-N  during  the  torrefaction 
step  when  it  is  conducted  at  high  enough  temperatures  (320  °C) 
and  long  enough  solid  residence  times  (10.2  min).  At  these  torre¬ 
faction  operational  conditions,  the  proteins  or  their  fractions  pres¬ 
ent  in  SS,  which  contain  an  amino  group,  could  begin  to  suffer 
cracking  reactions  [72],  yielding  NH3-N. 

3.4.33.  Chemical  composition  of  the  AP.  The  organic  compounds 
identified  in  the  AP  obtained  from  pyrolysis  of  dry  SS,  TSS  at 
220  °C  and  10.2  min  and  TSS  at  320  °C  and  6.1  min  have  been 
grouped  into  chemical  families.  The  area  percentage  of  each  of 
the  chemical  families  identified  is  shown  in  Fig.  10.  The  proportion 
of  the  different  families  present  in  the  AP  from  pyrolysis  of  TSS 
does  not  change  substantially  compared  to  the  AP  from  pyrolysis 
of  dry  SS.  As  can  be  observed  in  Table  6,  the  organic  compounds 
with  area  percentage  larger  than  1%  are  practically  the  same  in 


Fig.  10.  Percentage  of  the  different  chemical  families  present  in  the  AP  (%  of  area). 
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the  three  AP  analyzed.  Oxygen-containing  aliphatic  compounds 
(mainly  fatty  acids)  and  oxygen  and  nitrogen-containing  aliphatic 
compounds  such  as  amides  and  diimides  are  the  major  com¬ 
pounds.  It  seems  that  the  proportion  of  oxygen-containing  ali¬ 
phatic  compounds  in  pyrolysis  AP  slightly  decreases  with 
torrefaction  severity.  Acetic  acid  is  one  of  the  main  compounds 
in  these  phases,  possibly  arising  from  the  acetoxy-  and  methoxy- 
groups  present  in  hemicellulose  [53,73],  The  proportion  of  oxygen 
and/or  nitrogen-containing  heterocyclic  aromatic  compounds  such 
as  pyridinols  mildly  increases  with  torrefaction  severity.  The  nitro¬ 
gen-containing  compounds,  which  give  these  phases  their  basic 
character,  could  come  from  the  cracking  of  the  proteins  present 
in  the  SS. 

4.  Conclusions 

The  influence  of  sewage  sludge  pre-treatment  by  means  of  tor- 
refaction  on  the  distribution  and  properties  of  pyrolysis  products 
has  been  investigated. 

Torrefaction  pre-treatment  does  not  affect  either  char  yield  or 
NCG  yield,  but  under  severe  enough  torrefaction  conditions  torre¬ 
faction  pre-treatment  decreases  the  yield  of  water  and  organic 
compounds  from  pyrolysis. 

No  differences  are  found  between  the  cumulative  liquid,  NCG, 
and  organic  yields  of  the  processes  carried  out  in  two  steps  and 
the  yield  from  pyrolysis  of  dry  sewage  sludge  under  the  operation 
conditions  studied  in  the  present  work. 

Torrefaction  pre-treatment  does  not  improve  the  homogeneity 
of  the  liquid.  Despite  the  reduction  in  the  liquid  water  content, 
the  three  phases  continue  to  appear.  The  pre-treatment  decreases 
the  yield  of  the  light  organic  phase  and  especially  the  yield  of  the 
aqueous  phase,  although  the  water  content  of  the  latter  does  not 
change.  Neither  the  water  content  of  the  HOP  is  reduced  by  the  tor- 
refaction  pretreatment  in  this  work.  The  higher  heating  value  of 
the  organic  phases  is  not  affected  by  torrefaction  within  the  ranges 
of  study. 

Although  the  AP  chemical  composition  is  barely  affected  by  the 
pretreatment,  the  chemical  composition  of  the  organic  phases  (LOP 
and  HOP)  is  modified  by  torrefaction.  It  is  remarkable  that  when 
sewage  sludge  torrefied  under  severe  conditions  is  pyrolyzed,  the 
proportion  of  oxygen-containing  aliphatic  hydrocarbons  in  the 
HOP  decreases. 

Therefore,  although  torrefaction  of  dry  SS  under  the  conditions 
tested  in  this  study  does  not  provoke  any  noticeable  benefit  in  the 
improvement  of  pyrolysis  liquid  fuel  properties,  given  the  decrease 
in  the  proportion  of  oxygen-containing  aliphatic  compounds  it 
would  be  interesting  to  try  longer  torrefaction  solid  residence 
times,  since  it  seems  that  this  pre-treatment  could  enhance  the 
stability  of  the  liquid. 
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